Background Acetabular defects are frequently grafted during revision THA. Previous studies using plain radiographs report high rates of graft incorporation. However, given plain radiographs underestimate osteolysis, it is unclear whether plain radiographs adequately reflect graft fill or incorporation. Questions/purposes We determined if (1) graft fill; or (2) incorporation (measured as graft-bone contact) differed with complete revision and grafting compared to liner exchange and grafting; (3) defect fill and incorporation could be assessed on plain radiographs; and (4) the cost of bone grafting differed with these two procedures. Methods We identified 40 patients who underwent revision THA for aseptic loosening or polyethylene wear and osteolysis, either with retention of a well-fixed cup or complete acetabular revision in which bone graft was used. Lesion size, percent fill, and graft healing was quantified from CT scans. A limited cost analysis was performed using the current hospital costs for implants, bone grafts, and bone graft substitutes. The minimum followup was 1 year (mean, 4.8 years; range, 1-11 years). Results The average defect fill was 30% (range, 0%-81%). The average percent of healing to host bone was 24% (range, 0-66%). Complete revisions had a higher percent defect fill compared to head/liner changes (47% versus 17%) as well as a higher degree of graft healing to host bone compared to head/liner changes (36% versus 14%). High resolution CT demonstrated lower percentages of defect fill and graft healing than previous reports based on plain radiographs. Bone grafting costs exceeded implant costs in the head/liner exchange group; however, the overall cost was higher in the complete revision group. Conclusions Higher degrees of defect fill and healing were seen with complete revisions compared to head/liner exchanges. Compared to CT scans, plain radiograph assessment tended to overestimate defect fill and healing. Level of Evidence Level III, therapeutic study. See the guidelines online for a complete description of level of evidence.
arthroplasty may be needed for a variety of reasons, with aseptic loosening one of the most common [8] . Osteolysis is a leading cause of aseptic loosening and can be present anywhere that has a connection to the joint [15, 31] . The supraacetabular weight bearing portion of the hip is among the most common and worrisome locations [15] . Lesions can progress in size [13, 16] leaving the patient at risk for loosening of the acetabular component, progressive bone loss, and even catastrophic failure [22] .
The morbidity associated with revision THA has caused a recent surge in research aimed at preventing and treating osteolysis both surgically and medically [11, 23, 33] . With improved understanding and detection techniques, osteolysis that can result in aseptic loosening may be diagnosed and treated prior to extensive bone loss and/or acetabular component loosening [14, 19] . Bone grafting around and through retained acetabular components along with exchange of the femoral head and acetabular liner has become increasingly popular [3, 20-22, 24, 35, 36] . However, the periacetabular area can be difficult to access when the acetabular shell is well fixed, and osteolytic lesions can be difficult to identify and débride at the time of surgery [10, 21, 30] . Also, osteolytic lesions may be lined with a pseudomembrane [17, 29] that may prevent bone graft incorporation. If the membrane is not completely excised, healing can be compromised by the lack of direct contact between graft material and host bone. Two other studies demonstrated approximately 50% lesion fill, but only qualitatively described healing of the graft to host bone after grafting around and through retained acetabular components [10, 25] . Several other studies have reported high rates of graft incorporation, but have been based on plain radiographs [22, 30] . High resolution CT scans are superior to plain radiographs in assessing osteolytic defects as plain film analysis often underestimates or is unable to detect lytic lesions [19, 26] . CT examination is also a useful tool when determining the incorporation of bone grafts in other areas [1, 27] .
Using CT, we (1) the percent fill and (2) the amount of incorporation in osteolytic lesions treated with head and liner exchange with bone grafting through or around the acetabular component compared to those treated with full acetabular revision with bone grafting; (3) determined the ability to judge the extent of defect fill and defect healing based on plain radiographs compared to CT measurements; and (4) determined the cost of using bone graft substitutes in revisions for osteolysis as well as whether any difference existed between the two procedures in terms of cost.
Patients and Methods
From an institutional total joint registry we identified 2727 hips in 2531 patients with 727 revision THAs in 626 patients performed from January 1, 1997 to December 31, 2007 . The database consists of demographic information, outcomes scores, component type and size, and complications. Of the 626 patients, 403 (437 hips) underwent revision for a preoperative or postoperative diagnosis of osteolysis or aseptic loosening. Pre-and postrevision AP radiographs were reviewed to identify an adequately sized (greater than 2 9 2 cm) grafted lesion remote from the surface of the shell to allow assessment of the grafted defect. One-hundred thirty-three of the 403 patients (437 hips) met these criteria and underwent revision with retained acetabular component and head and liner exchange, while 181 patients (218 hips) were revised with full revision of the acetabular component. We excluded 102 patients (109 hips) who had no bone grafting. We contacted the remaining 212 patients for participation in the study. Thirty-eight patients (40 hips) agreed to undergo CT examination; 20 (22 hips) in the head and liner exchange group and 18 full acetabular revisions. These 40 hips (10% of the group of 401) comprised the two study groups. The average time from the index surgery to revision surgery was similar (p = 0.83) for the two groups: 12 years (range, 2-21 years) for the head and liner exchange group and 11.6 years (range, 3-20 years) for the acetabular revision group. The average age at time of revision was similar (p = 0.54): 57.1 years (range, 23-85 years) in the retained component group compared with 54.1 years (range, 25-82 years) in the revised acetabular component group. The average age at most recent followup was also similar (p = 0.46): 63.8 years (range, 35-88 years) in the retained component group and 60.5 years (range, 33-88 years) in the acetabular revision group. There was no difference in gender or sidedness between groups ( Table 1 ). The minimum clinical and CT followup was 12 months (mean, 60 months; range, 12-121 months).
We used a posterior approach to the hip for both head and liner exchanges and revision of the acetabular component. Following exposure of the acetabular component the liner was removed and the stability of the bone-implant interface was assessed. In hips where the patients had no symptoms or history of instability and the component was well fixed and in reasonable position, the acetabular shell was retained and the surgeon proceeded with débridement of the region of osteolysis using curettes and then pulse lavage. Bone graft was then introduced either through the holes in the cup, around the periphery of the component, via a cortical window, or a combination of these techniques based upon the location of the lytic defect. If the acetabular component was loose the shell was removed, curetted, and the acetabulum was then reamed. Bone graft was then introduced and the reamer was placed on reverse to impact the graft.
In the head and liner exchange group there were 11 hips grafted through the screw holes only. In four patients the lytic lesion was accessed and bone grafting performed around the periphery of the cup only. In one patient a cortical window alone was used to débride and graft the lytic lesion. Five patients had bone grafts through screw holes and around the periphery of the acetabular component, and one patient had a bone graft placed through a cortical window and through the holes in the cup. There were nine hips that had multiple types of bone graft or bone graft substitutes used during head and liner exchange revisions. Cancellous chips were used in 10 hips, bone putty in seven hips, pellets in five hips, cancellous cubes in four hips, MIIG kits (Injectable Calcium Sulfate, Wright Medical Technology, Inc, Arlington, TN, USA) in three hips, and BMP (INFUSE, Medtronic Sofamor-Danek, Minneapolis, MN) in three hips.
In the revised acetabular component group 10 hips received multiple types of bone graft or bone graft substitutes; eight hips had morselized femoral head allograft, with a total of 14 femoral heads used; nine hips had cancellous cubes; seven hips had cancellous chips; four hips used Allomatrix (Wright Medical Technology, Inc, Arlington, TN, USA) putty; and one hip used BMP. Using the current contracted prices at our hospital, we determined the hospital cost of the graft material, heads, liners, and acetabular shells. This was not a complete cost analysis as operative time and the differences in costs associated with operating room use and anesthesia were not included.
In the group with head and liner exchange only, there were nine Longevity liners ( Patients were followed as per routine with all THA patients. Patients were seen at 6 weeks following surgery, then again at 6 months, 1 year, 2 years, and 5 years. Anteroposterior and lateral radiographs were obtained at each visit, with the AP radiographs being standing radiographs unless contraindicated. Clinical examination including inspection of the surgical wound and range of motion of the hip were obtained at each visit. Clinical outcomes scoring sheets, including the Harris Hip Score [12] and UCLA [2] , were filled out by the patient preoperatively and at all postoperative visits.
CT scans were performed an average of 60 months postoperatively (range, 12-121 months). All CT scans were performed at a single institution on a Sensation 16 scanner (Siemens Medical Solutions, Forchheim Germany). Subjects were placed in a supine position and their pelvis was scanned using a clinic protocol with parameters of 140 kVp, 450 mAs, 0.75 mm 9 16 collimation, 1 second rotation, table feed 6 mm (pitch = 0.5), B50 kernel with extremity window, 400 to 450 mm field of view, and a 0.75 mm reconstruction interval. The CT image data for each subject were saved in the DICOM format and loaded into a standalone workstation for processing. The prerevision scans were performed using the available Siemens scanner at the time of the examination and ranged from 3 mm collimation to 0.7 isotropic voxels. For comparison of preoperative and postoperative scans all image data were resampled to 0.7 mm cubic voxels. Pre-and postoperative data were aligned in the same coordinate system using a . The quality of the registration was visually checked using linked cursors in three orthogonal views. Prior to developing this study it was noted that the sclerotic border of the osteolytic lesion was not changed on postoperative CT scans. Thus, coregistering the pre-and postoperative CT scans allowed for assessing error in the quantification process. Also, because the sclerotic border remained, this allowed us to use postoperative CT scans to determine the region of original lysis and the amount of bone graft filling these lesions. In the subgroup of seven patients who had preoperative CT scans, there was no difference in the lesion volume (p = 0.844) or lesion surface area (p = 0.166) as described below when comparing the preoperative to postoperative CT examination. The mean percent difference for lesion volume was 5.7% and the mean percent difference for lesion surface area was 4.7%.
The CT scans of the 40 patients with osteolysis were randomized with respect to retained versus revised acetabular components and the lytic lesion volumes were measured by a single blinded observer (KES) with 16 years of medical CT image processing experience. We used the most commonly utilized criteria for defining osteolysis: a localized area of bone loss that is expansile, lacks osseous trabeculae, has a sharply demarcated sclerotic border, and has a clear communication to the joint space either adjacent to the acetabular component or surrounding a screw or screw hole [14, 15, 19, 26] . Lesions were segmented along sclerotic borders using a semi-automated edge strength based region growing technique in the axial, coronal and sagittal planes. In areas of high noise or low contrast manual tracing was used to complete or close the boundary. Segmentation and volume calculations were performed using Analyze software. The analysis was then reviewed in each plane by comparing the CT scans with and without volumetric fill to assess completeness of volume measurements. Three dimensional representations were created of each hip allowing further review of osteolytic lesions and the amount of graft fill. Once the areas of lysis were delineated, the percent of bone fill was determined by applying a threshold to the region of interest. Any voxel located within the region of interest with a threshold of 360 Hounsfield Units (HU) or above was labeled as 'bone fill' and any voxel with an intensity value below 360 HU was labeled as lysis. By sampling the intensity of regions of bone fill and areas of lysis it was determined that 360 HU was halfway between true value of the tissue and the true value of the surrounding tissue, which was found to minimize the effects of volume averaging. This value was visually assessed for its ability to separate bone fill from lysis by examining the gray scale image, the threshold image, and a transparent overlay of the two. During the visual assessment it was noted that some streak artifact, due to metal, was above the 360 threshold level that would lead to an overassessment of bone fill. This error was on the order of 5%. Metal artifact was most severe through CT cuts involving the femoral head, and was most apparent in those with larger heads made of stainless steel. We therefore limited our evaluation to the supraacetabular area, which is the most clinically concerning area as this bears substantial amounts of weight.
The preoperative or immediate postoperative radiographs of those with lesions that fit the definition of osteolysis were then analyzed. Lesions that appeared to be osteolysis on the CT scan were excluded if there were cystic changes in the area of presumed osteolysis on preoperative or immediate postoperative radiographs. Radiographic assessment of fill and defect healing was performed using the AP images at the time of the CT scan. Blinded radiographs for each hip were copied to a disc. A second set of the same images were interspersed at random in order to assess intraobserver reliability. Three attending surgeons (RLB, JCC, RMN) with experience in reading radiographs with osteolytic lesions and bone grafts graded each set of radiographs. Reading of plain radiographs was performed blindly in that the examiners had no knowledge of the extent of defect fill or healing measured on CT. One of the authors not reading the radiographs (NAM) used a scatterplot of the percent fill on CT scan to develop the grading system, dividing the CT values into three roughly equal groups. Grade 0 fill was defined as less than 25% fill of the previous lytic defect (n = 5, averaged among graders), Grade 1 was defined as 26-50% fill of the previous lytic area (n = 5, averaged among graders), and Grade 2 was defined as greater than 50% fill of the lytic region seen on preoperative radiographs (n = 30, averaged among graders). Using percent fill on CT, there were nineteen grade 0, nine grade 1, and twelve grade 2. To assess defect healing we used the scoring system of Benson et al. [4] . Grade 1 was defined as some blurring of the lytic border but the border was still present or when a trabecular pattern had formed but was notably different from surrounding bone. Grade 2 was used when there was a loss of a distinct border between the area of lysis and surrounding bone, with a trabecular pattern to the bone and a density similar to that of surrounding bone. The correlation between the mean radiographic healing grade and the percent of contact with the host bone was then calculated. For the radiographic assessment, intraobserver and interobserver reliability were measured using a weighted kappa statistic for both defect fill and healing. Intraobserver reliability was moderate, with an average kappa statistic of 0.578 for graft fill and 0.583 for graft incorporation. Interobserver reliability for the amount of graft fill was 0.445, CI 0.32-0.57 and for graft healing 0.333, CI 0.22 to 0.44. Radiographic grading of graft fill correlated with (rho = 0.601, p \ 0.001) the grade based on the CT percent graft fill. The radiographic grade correlated with (rho = 0.278, p = 0.083) the actual percent of surface area contacted by the bone graft ( Table 2) .
We assessed healing on CT using the amount of graft material in contact with host bone. A previous study demonstrated that only micro CT can detect true healing [9] ; therefore, we elected to use the amount of graft in contact with host bone, which represents the maximum possible healing since the graft material must be in contact with host bone to potentially heal. Segmentation using the CT scans was used to assess this value in three dimensions. Blinded CT scans were then reviewed individually by two of the authors (RMN and NAM) to assess for the presence of bridging trabeculae.
A total of four patients in the study group required repeat revision surgery for osteolysis progression. Two patients had revision head and liner exchange with bone grafting and were included in the head and liner exchange group. The other two patients in the full acetabular revision group had previously failed head and liner exchange surgery. These patients experienced progression of their osteolysis with loosening of the acetabular component and were included in the acetabular revision group. There were no dislocations or revisions for dislocations in either group. The rate of reoperation in the head and liner group was four of 24 hips (17%). The average preoperative Harris Hip score was 71.3 (SD 16.9) in those with retained head and liner exchange only. Those with full acetabular revision had an average preoperative Harris Hip score of 57.0 (SD 16.4). Both the head and liner exchange group and the full revision groups had better Harris Hip scores at most recent followup (p = 0.01 and 0.0005, respectively). The head and liner exchange group had a notably higher preoperative Harris Hip score (p = 0.034), but the Harris Hip score at the most recent followup was not statistically different between groups (p = 0.618) ( Table 1) .
When comparing preoperative and postoperative CT scans, the surface area percent differences were normally distributed and thus a paired t-test was used. Lysis volume, surface area, fill volume, contact area, percent fill, and percent contact were not normally distributed and were compared with Wilcoxon signed-rank test. Spearman correlation coefficient was used to determine the correlation between radiographic grade and actual graft fill, as well as CT grade and graft contact.
Results
The average graft fill was 3.83 cm 3 (SD = 4.85 cm 3 ), which is only 31% of the total volume of osteolysis (mean 11.05 cm 3 (SD = 9.49 cm 3 )). In the head and liner group, the average volume of graft material filling the osteolytic defect was 3.23 cm 3 (SD = 5.43 cm 3 ). This is 17% (range, 1%-52%) of the average lytic region. In the group with complete acetabular revision the average volume of graft material filling the osteolytic defect was 4.56 cm 3 (SD 4.06 cm 3 ), which filled 47% (range, \ 1%-81%) of the lesion. Complete revisions had a higher percent (p = 0.002) defect fill compared to head/liner changes (47% versus 17%) ( Table 1) .
There was an average of 1.41 cm 2 (SD = 1.40 cm 2 ) of graft material in contact with the host bone. This represents only 24% of the total surface area of the osteolytic lesion (mean 5.57 cm 2 (SD = 3.00 cm 2 )) that is contacting the graft substance, and likely healed. The average amount of graft material in contact with host bone was 1.06 cm 2 (SD = 1.35 cm 2 ) in the head and liner exchange group, which indicates only 14.4% (range 1% to 43%) of the surface area of the lesion was in contact with graft material. In the revised acetabular group 1.84 cm 2 (SD = 1.37 cm 2 ) of graft was contacting host bone, indicating 35.5 % (range, \ 1%-66%) of the total surface area of the osteolysis was contacting graft material. Complete revisions had a higher degree (p = 0.005) of graft healing to host bone compared to head/liner changes (35.5% versus 14.4%) ( Table 1) .
There was a moderate correlation (rho = 0.601, p \ 0.001) between the radiographic grading of graft fill and the grade based on the CT percent graft fill [18] . There was also a moderate correlation between the radiographic grade and actual percentage of surface area contacted by the bone graft (rho = 0.278, p = 0.083) [18] . The reliability of radiographs was quite variable; intrarater reliability ranged from a kappa of 0.26 to 0.77 for defect fill and from a kappa of 0.29 to 0.80 for graft incorporation. The kappa values for interrater reliability was 0.45 for graft fill and 0.33 for graft incorporation.
The total cost for the implants, excluding femoral stems, was $4297 per case in the full acetabular revision group and $1856 in the head and liner exchange group. Bone graft material costs averaged $2586 per case in the head and liner exchange group and $2179 in the full acetabular (Table 3) . Therefore, in the head/liner revision group, the cost of the graft material exceeded the cost of the orthopaedic implants.
Discussion
Osteolysis is a leading cause of revision THA and the optimal strategy for dealing with lytic lesions has not been well established. Lytic lesions are frequently grafted, but the outcome of these procedures is unknown. Our goals were to determine (1) the amount of the osteolytic defect that can be filled using two techniques: retaining a wellfixed acetabular component with exchange of the head and liner and bone grafting around or through the acetabular component and removing the acetabular component, bone grafting the defect and implanting a new component; (2) the amount of potential graft healing to host bone; and (3) the ability of plain radiographs to judge defect fill and healing was examined. We also wanted to determine (4) the cost of using bone graft substitutes in this setting and whether any difference existed between the two surgical types of procedures. This study has notable limitations. First, ours was a retrospective study using multiple types of graft material, implants, and grafting techniques depending on surgeon preference. Second, without sectioning the graft/host bone interface and microscopically assessing the trabeculae, there is no way to accurately assess bone healing. Micro CT replicates the images seen with microscopic examination; however, the radiation is much higher and not appropriate for human studies [9] . The next best option was to perform high resolution CT scans and determine the amount of host bone contacting graft material, which represents the greatest amount of healing possible since some of this may not have healed. Because of limitations with CT scans, soft tissue lysis was not measured in this study and the area of emphasis was localized to the superior acetabulum. However, greater amounts of lysis could have occurred and we did not measure the graft uptake in the greater trochanter or other grafted areas. Finally, a small percentage (10%) of the patients with revisions agreed to come back for CT examination, which can create a nonrespondent bias; however, we attempted to contact everyone who met the inclusion criteria, giving all patients an equal opportunity to be involved in the study.
We demonstrated that only 16.7% of the osteolytic lesion volume in the weight bearing part of the acetabulum was filled with bone graft at an average 5.3 years following head and liner exchange revisions (Fig. 1) . Also, only 14.4% of the total surface area of the lesion had bone graft or new bone in contact with the margins of the lesion (Fig. 2) . Therefore, despite vigorous irrigation and débridement of the lesions through and around the component, the amount of bone graft filling and healing in osteolytic lesions is quite small. This differs from previously reported filling capabilities [10, 25] . One of these studies measured immediate postoperative lesion filling on CT scan and demonstrated 49% lesion fill initially [10] . However, this study had a larger average lesion size (20.3 ml) than our study (12.7 ml in the head and liner group), which could partially explain the difference in this study. Another study [25] demonstrated better graft incorporation and healing than we observed, with 54% of the average area being filled at an average 3.5 years followup. The lesions in that study were smaller in size than in our study, with an average of 6.38 cm 2 ; however, the entire volume of the lesion was not measured and the total amount of fill could be inaccurate.
One study using radiographs to assess healing of bone graft and progression of lesions noted almost 100% incorporation of bone graft material with a major portion of the lesions no longer visible on radiographs [21] , and greater than 90% survival at long term followup [32] . In the revised acetabular group, 47% graft fill was surprising since this procedure allows aggressive curetting and reaming of the lesion and complete visualization and probing of the acetabulum. Bone graft using reverse reaming appears to intraoperatively fill any remaining crevices or holes in the acetabulum, and reportedly leads to complete defect healing [11] . However, several recent studies have demonstrated plain radiographs are inferior to CT scans in determining both the incidence and size of osteolytic lesions [7, 19] . We found only a moderate correlation between radiographic grading and actual bone graft fill and healing. There were many subjects with radiographic appearance of healing with CT scans demonstrating substantial bony defects. Also, the reproducibility and interrater reliability between graders was suboptimal, which further demonstrates the inaccuracy of using radiographs for grading of lytic defects or success of bone grafting in the supraacetabular region.
Despite the low percentage of defect healing seen, there were few hips that needed subsequent surgery. The reported failure rate for revisions or dislocations in the literature is between 6% and 30% [5, 6, 24, 28, 36] . Four patients in the head and liner exchange group required subsequent surgery, two of whom underwent repeat head and liner exchange and two of whom underwent full acetabular revision. Perhaps the irrigation and débridement portion of the procedure halts or slows the osteolytic process. More likely, the replacement of the conventional polyethylene liner and damaged femoral head (the ''debris generators'') with a lower wear, highly cross-linked liner and smooth femoral head component can prevent further progression of osteolysis and some degree of spontaneous healing. With an average of almost $2500 spent on bone graft material that is not present at 5.3 years followup, the use of bone graft material may not be warranted. The three subjects in which BMP was used did have three of the highest fill and healing rates (Fig. 3) . The role of BMP in augmenting graft healing of lytic defect is unclear at the present time but may warrant further study. We demonstrated retaining an acetabular component and attempting a bone graft either around or through the cup results in very little fill of the osteolytic defect and even less graft incorporation at 5.3 years followup. Revising the acetabular component greatly improves the amount of fill and is associated with a higher degree of defect healing (Fig. 4 ). In the case of head liner revisions, grafting the defect increases costs, especially considering the additional operative time. Given the surprisingly low percentage of defect fill and healing, the cost effectiveness of grafting around the periphery or through holes in a retained shell should be questioned. 
